This experiment was conducted to evaluate dietary xylanase supplementation in broilers wheat-based diets on performance and functional digestive parameters including ileal digesta viscosity, apparent ileal digestibility, intestinal morphology and microflora, digestive enzyme activities, and excreta odor content. A total of 600 1-day-old Ross 308 male broilers with an initial average BW of 45 ± 0.6 g were randomly allotted into 4 treatments with 10 replicate pens per treatment and 15 broilers in each pen for 35 d. The 4 dietary treatments were wheat-based diets and supplemented with 0, 1,875, 3,750, and 5,625 XU/kg xylanase. Xylanase supplementation improved (linear, P < 0.05) the body weight gain and decreased (linear, P < 0.05) the feed conversion ratio during d 1 to 18 and for the duration of the experiment. Dietary supplementation of xylanase led to a decrease (linear, P < 0.01) in ileal digesta viscosity. The apparent ileal digestibility of dry matter (DM), crude protein (CP), gross energy, and most amino acids (with the exception of Ile, Phe, Asp, Glu, and Pro) were increased (linear, P < 0.05) by xylanase supplementation. Increasing the dietary xylanase levels improved (linear, P < 0.05) the villus height and the ratio of villus height to crypt depth of the duodenum, jejunum, and ileum. In addition, inclusion of xylanase increased (linear, P < 0.05) the Lactobacillus numbers in the ileum and cecum, while decreased the ileal E. coli counts (linear, P < 0.01) and cecal E. coli populations (linear, P < 0.01; quadratic, P < 0.05). There were no significant differences (P > 0.05) in trypsin, amylase, and protease activities of small intestine among dietary treatments. Furthermore, xylanase supplementation reduced excreta NH 3 (linear, P < 0.05; quadratic, P < 0.05) and total mercaptan (R.SH) (linear, P < 0.01) concentration. Taken together, dietary xylanase supplementation in broilers wheat-based diets had beneficial effects on growth performance, apparent ileal digestibility of nutrients, intestinal morphology, and microflora balance. Furthermore, the xylanase could reduce the ileal digesta viscosity and excreta odor contents.
INTRODUCTION
Although the energy content of wheat is lower than corn, many other nutrients like protein, calcium (Ca), phosphorus (P) and some amino acids (threonine [Thr] , arginine [Arg] , methionine [Met] , tryptophan [Trp] , and lysine [Lys] ) are greater in wheat (NRC, 1994) . Therefore, poultry producers often replace corn with wheat to maintain least-cost diet formulations. However, the presence of soluble non-starch polysaccharides (NSP) in the wheat can lead to highly viscous conditions in the small intestine and decrease contact between digestive enzymes and substrates, thus depressing the nutrient digestion and broilers performance (Choct and Annison, 1992; Choct et al., 1995 Efforts to mitigate the detrimental effect of soluble NSP by inclusion of xylanases in broilers diets have been widely attempted and successful, previous studies have shown the benefits of xylanases supplementation to broilers wheat-based diets (Choct et al., 1999; Chiang et al., 2005; Wang et al., 2005; Kalmendal and Tauson, 2012; Masey-O Neill et al., 2014) . According to these reports, the positive effects of xylanases include hydrolyzing NSP, reducing the viscosity of gut contents, affecting the digestive tract development, and improving nutrient utilization. Additionally, several studies have demonstrated that exogenous xylanase treatment can influence the intestinal microbial composition and decrease the small intestinal fermentation attributed to high-NSP diets (Choct et al., 1996; Yang et al., 2008; Nian et al., 2011) . However, even if the efficacy of the commercial xylanase products has been well documented, there is still some ambiguity in their mode of action (Kiarie et al., 2013) . Moreover, few studies have focused on the impact of xylanases on ileal amino 566 acid digestibility, digestive enzyme activities, and excreta odor contents. From the foregoing, we hypothesize that the xylanases may exert positive effects on these parameters through affecting digesta viscosity, gut microflora, and volatile fatty acid content (Wang et al., 2005; Kiarie et al., 2014) . Therefore, the present investigation aimed to systematically assess the effects of a commercial xylanase preparation in wheat-based diets for broilers on performance, ileal digesta viscosity, apparent ileal nutrient digestibility, intestinal morphology and microflora, digestive enzyme activities, and excreta odor contents.
MATERIALS AND METHODS
All experimental protocols describing the management and care of animals were reviewed and approved by the Animal Care and Use Committee of Dankook University, South Korea.
Enzyme Preparation
The enzyme preparation used in this study was a microbial endo-1,4-β-xylanase (DigeGrain X, Advanced Enzyme Technologies Ltd., Thane, India), which is produced by a selected strain of Trichoderma citrinoviride. Pure enzyme product provided 15,000 XU/g of xylanase. One unit of xylanase is defined as the amount of enzyme that liberates 1 μmol of reducing sugar (xylose equivalent) from xylan substrate (Beechwood xylan) per minute at pH 5.3 and 50
• C. This xylanase product is extremely effective in hydrolyzing xylans and arabino-xylans into xylo-oligosaccharides in a variety of feed ingredients, and the product is found to be heatstable up to 85
• C. In addition, according the stability analysis of this xylanase product in simulated gastric fluid, the retention rate of activity after 3 h incubation is 98%.
Birds, Diets and Experimental Procedures
A total of 600 male, one-day-old Ross 308 broilers were purchased from a commercial hatchery and raised in stainless steel pens with concrete floors covered with clean rice bran. Each of the 4 treatments was replicated 10 times with 15 birds per pen. The experimental period was divided into 2 phases: the starter phase (1 to 18 d) and the finisher phase (19 to 35 d). The ingredient composition and nutrient content of basal diets for both experimental phases are presented in Table 1 . Basal diets were formulated to meet or exceed NRC (1994) requirements for broilers. The 4 dietary treatments were wheat-based diets and supplemented with 0, 1,875, 3,750, and 5,625 XU/kg xylanase. In order to ensure the xylanase was properly mixed into the feed, before feeding chicks each day, the xylanase product (light brown powder) was firstly mixed with 5 kg of feed, and then the premix feed was mixed with the re- maining feed. All experimental diets were given to the birds in mash form. Birds had free access to feed and water. Lighting was continuous, and room temperature was maintained at 33 ± 1 • C for the first 3 d, and then gradually reduced by 3
• C per wk until reaching 24 • C and maintained for the remainder of the experiment.
Sample Preparation
For analysis of excreta odor contents, on the last 2 d of the experiment, an excreta collection plate was affixed below each cage, and excreta samples from each pen were promptly collected in 2.6-L plastic boxes. From d 29 to 35, chromium oxide was used as an indigestible marker and supplemented into the diets at a level of 2 g/kg (Sales and Janssens, 2003) . On d 35, 160 chicks (4 per pen) were slaughtered by cervical dislocation. Of these, 120 chicks (3 per pen) were used for ileal and cecal digesta collecting. In brief, digesta was obtained from the ileum, defined as the Meckel's diverticulum to the ileo-cecal junction. Subsequently, the ileal digesta on the pen basis was collected in triplicate; two portions were placed on ice and transported to the laboratory for ileal digesta viscosity and ileal microflora analysis, respectively. The third one was stored in sealed bags at −20
• C for digestibility analysis. Additionally, the cecum was ligated and cecal contents were obtained on a pen basis for viable counts analysis of cecal microflora.
At the same time, a homogeneous intestinal digesta sample of another 40 birds (1 per pen) was collected by massaging the tract from the distal end of the duodenum to the ileo-cecal junction. The digesta samples were diluted 10-fold with ice-cold PBS (pH 7.0), homogenized for 1 min and sonicated for 1 min with 3 cycles at 30-s intervals. The samples were then centrifuged at 18,000 × g for 20 min at 4
• C. The supernatants were divided into small portions and stored at −70
• C for digestive enzyme activities assays. Subsequently, the small intestines were separated, and approximately 2 cm segments of the duodenum, jejunum, and ileum at consistent locations were collected immediately. The intestinal samples from each section were fixed in 10 % buffered formalin until analyzed.
Growth Performance and Ileal Digesta Viscosity
Broilers were weighed on a pen basis on d 0, 18, and 35, and feed consumption was recorded throughout the experiment. The body weight gain (BWG), feed intake (FI) and feed conversion ratio (FCR) were then calculated using this information for each phase.
The ileal digesta samples from each pen were centrifuged (4,000 rpm) at 4
• C for 15 min. The supernatant (0.5 mL) from each tube was analyzed for viscosity. The viscosity of the supernatant was measured by a digital viscometer (Model DV-II, Brookfield Engineering Laboratories Inc., Stoughton, MA). The results of the viscosity measurement are stated in centipoise (ctp).
Coefficient of Apparent Ileal Digestibility
The ileal digesta was freeze-dried, after which they were finely grounded to be able to pass through a 1-mm screen and were then for the determination of the coefficient of apparent ileal digestibility (CAID). Dry matter (DM), gross energy (GE), crude protein (CP; N × 6.25, macro-Kjel-dahl, Bibby Scientific Ltd., ST15 OSA, UK), Ca and P contents were determined according to AOAC (1990) methods. Amino acid composition was measured using an Amino Acid Analyzer (Beckman 6300, Beckman Coulter Inc., Fullerton, CA) after 24-h of 6 N-HCl hydrolysis at 110
• C (AOAC, 1990). Performic acid was used before hydrolysis to oxidize Met and cysteine (Cys) to methionine sulfone and cysteic acid. The apparent digestibility values for ileal nutrients were calculated as follows:
where CAID is the coefficient of apparent ileal nutrient digestibility; ID is the concentration of an indigestible marker in diet; AF is the nutrient concentration in ileal digesta; IF is the indigestible-marker concentration in ileal digesta; and AD is the nutrient concentration in diet.
Small Intestinal Morphology, Ileal and Cecal Microflora
The methods of intestinal morphology measurement was based on Xu et al. 2003 . Each intestinal segment was embedded in paraffin, a 7-μm section of each sample was placed onto a glass slide and stained with alcian blue/hematoxylin and eosin for examination with a light microscope. Villus height (VH) and crypt depth (CD) of the small intestine were measured at 100× magnification using computer software (Sigma Scan, Jandel Scientific, San Rafael, CA), then villus height to crypt depth ratio (VH:CD) were calculated.
The counts of viable E. coli and Lactobacillus were analyzed by the method of Wang and Kim (2011) . In brief, bacteria were plated in duplicates on MacConkey agar plates (Difco Laboratories, Detroit, MI) and Lactobacillus medium III agar plates (Medium 638, DSMZ, Braunschweig, Germany) to isolate E. coli and Lactobacillus, respectively. The Lactobacillus medium III agar plates were then incubated for 48 h at 39
• C under anaerobic conditions. The MacConkey agar plates were incubated for 24 h at 37
• C. The E. coli and Lactobacillus colony counts were enumerated immediately after removal from the incubator, and the results were presented as log10-transformed data.
Digestive Enzyme Activities
Amylase activity was determined using the method of Somogyi (1960) . One unit of amylase activity was defined as the amount of amylase to release 1 mg of glucose in 30 min at 38
• C per mg of intestinal digesta protein. Protease activity was analyzed using the method of Lynn and Clevette-Radford (1984) . The protease activity unit was defined as milligrams of azocasein degraded during 2 h of incubation at 38
• C per mg of intestinal digesta protein. Trypsin activity was then measured according to procedures described by Lainé et al. (1993) . One unit of enzyme activity was defined as the trypsin hydrolysis of 1 μmol of substrate in 1 min per mg of intestinal digesta protein after activation with 0.1 U/mL of enterokinase.
Excreta Odor Contents
For determining excreta ammonia (NH 3 ), hydrogen sulfide (H 2 S) and total mercaptan (R.SH), the excreta samples were permitted to ferment for a period of 24 h at room temperature (25 • C). After the fermentation period, the Gastec (model GV-100) gas sampling pump was used for gas detection (Gastec Corp., Kanagawa, Japan) for NH 3 , H 2 S and used detecting tube for In these measurements, the adhesive plaster was punctured and 100 mL of headspace air was sampled approximately 2 cm above the excreta. Two samples from each pen were measured, and then the average was calculated.
Statistical Analysis
All data were analyzed using Mixed procedures of SAS (SAS Institute Inc., Cary, NC). The model used was Y ijk = μ + t i + r k + e ijk , where Y ijk is an observation on the dependent variable ij, μ is the overall population mean, t i is the fixed effect of xylanase addition treatments, r k is the pen as a random effect, and e ijk is the random error associated with the observation ijk. In addition, orthogonal polynomial contrasts were used to test the linear, quadratic and cubic effects of increasing levels of exogenous xylanase. Statements of statistical significance were based on P < 0.05.
RESULTS

Growth Performance and Ileal Digesta Viscosity
As described in Table 2 , during d 1 to 18, with increasing dietary xylanase levels from 0 to 5625 XU/kg, the BWG was improved (linear, P < 0.05), whereas the FCR was decreased (linear, P < 0.05). During 19-35 d phase, xylanase supplementation did not affect (P > 0.05) the BWG, FI and FCR. Overall, there was a linear increase in BWG (P < 0.05) and a linear decrease in FCR (P < 0.01) with increasing xylanase supplementation. Additionally, dietary supplementation of graded levels of xylanase led to a linear decrease (P < 0.01) in ileal digesta viscosity ( Table 2) .
Coefficient of Apparent Ileal Digestibility
The effects of xylanase on CAID were shown in Table 3. There was a linear improvement in CAID of DM (P < 0.05), CP (P < 0.05) and GE (P < 0.01) as dietary xylanase level increased. Besides, increasing xylanase supplementation resulted in a greater (linear, P < 0.05) CAID of most essential amino acids, except Ile and Phe. Regarding nonessential amino acid, the CAID of Ala, Gly, Ser and Tyr were also linearly increased (P < 0.05) by xylanase supplementation.
Small Intestinal Morphology, Ileal, and Cecal Microflora
Increasing the dietary xylanase levels linearly improved (P < 0.05) the villus height and villus height:crypt depth ratio of the duodenum, jejunum, and ileum (Table 4) . Xylanase supplementation had no significant effect (P > 0.05) on crypt depth in the 3 segments. The Lactobacillus numbers of ileum and cecum were increased (linear, P < 0.05) by inclusion of xylanase in diets (Table 4) , whereas the xylanase treatment decreased the ileal E. coli counts (linear, P < 0.01) and cecal E. coli numbers (linear, P < 0.01; quadratic, P < 0.05).
Digestive Enzyme Activities and Excreta Odor Contents
There were no significant differences (P > 0.05) in trypsin, amylase, and protease activities of small intestine among dietary treatments (data not shown). Additionally, birds fed diets supplemented with xylanase produced lower excreta NH 3 (linear, P < 0.05; quadratic, P < 0.05) and R.SH (linear, P < 0.01) concentration (Table 5) . 
DISCUSSION
Growth Performance and Ileal Digesta Viscosity
There is a clear understanding that the presence of soluble non-starch polysaccharides (NSP) in wheat can promote a viscous environment in the gut, consequently, interfered with nutrients digestion and absorption, and worsened the broilers performance (Annison, 1991; Choct et al., 1996) . It is well documented that supplementation of NSP-degrading enzymes to wheatbased diets for broiler chickens can improve the growth performance (Wang et al., 2005; Kalmendal and Tauson, 2012; Masey-O'Neill et al., 2014) . Similar to these reports, the results of the present study shown that dietary supplementation of xylanase linearly improved the BW gain and decreased the FCR during d1 to 18 and overall the growth period, respectively. It has been suggested historically that the mechanism of action of xylanases is viscosity reduction (Shakouri et al., 2009 ). Thus, we further examined the influence of xylanase on ileal digesta viscosity. As expected, xylanase treatment mitigated the viscosity of ileal digesta, this is in accordance with Engberg et al. (2004) and Esmaeilipour et al. (2011) . Therefore, the improved performance of broilers by adding xylanase can be attributed to offset the negative effects of NSP on digesta viscosity in the gut.
Coefficient of Apparent Ileal Digestibility
Consistent with the functions concerning intestinal contents viscosity reduction, this study found that xylanase supplementation improved the CAID of DM, CP, GE and most amino acids. In agreement with our study, Bedford et al. (1998) demonstrated that inclusion of xylanase in 9 different wheat for broilers increased average CAID of 16 amino acids by 5.1%. Wang et al. (2005) indicated that xylanase treatment led to a superior apparent digestibility of CP in 21 d and 42 d age broilers. For the mode of action of xylanase in nutrient digestibility enhancement, apart from the counteraction of increased intestinal viscosity induced by soluble NSP and the amelioration of the so-called 'cage' effect where NSP cell wall components encapsulate nutrients, it has been suggested that the NSP in wheat can exacerbate endogenous amino acids secretion, which depresses the digestibility of amino acids (Angkanaporn et al., 1994) . As such, by reducing gut contents viscosity and liberating the enclosed nutrients, increasing cell wall permeability and decreasing the endogenous amino acids secretion, dietary xylanase supplementation facilitated the CAID of DM, CP, GE, and amino acids.
Intestinal Morphology
The villus height is associated with the absorption capacity of the enterocytes, and the presence of short villi will decrease the surface area for nutrient absorption (Parsaie et al., 2007) . In the present study, as the level of dietary xylanase increased, there was a linear improvement in villus height and villus height to crypt depth ratio of the duodenum, jejunum, and ileum. However, inclusion of xylanase had no significant effect on crypt depth of the 3 segments. These findings agreed well with the previous study completed by Luo et al. (2009) . Similarly, Wang et al. (2005) reported that xylanase and β-glucanase supplementation to broilers wheat-based diets linearly decreased the ileal relative length and weight on d 21 and d 42. Most positive effects of xylanase in birds seemed to be related to decrease gut contents viscosity. Presumably, the atrophy villus height was resulted from the increased viscosity of the digesta when broilers fed wheat-based diets, because the viscous environment can encapsulate nutrients thus inhibiting effective contact between villi and nutrients, leading to a weakened structure and function of intestine (Spector, 1976) . Therefore, it can be concluded that NSP-degrading enzymes may counter the negative effects of NSP on intestinal morphology through reducing digesta viscosity. Additionally, the enhanced intestinal function may also be responsible for the improvement of ileal nutrient digestibility.
Intestinal Microflora
The numbers of intestinal Lactobacillus and Escherichia coli are routinely regarded as a reliable indicator of gut health, and the ratio of Lactobacillus : E. coli with an increase commonly considered beneficial (Pierce et al., 2005) . The current study revealed that inclusion of xylanase increased the Lactobacillus while reduced the E. coli counts in the ileum and cecum. Similar to our study, Engberg et al. (2004) demonstrated that xylanase supplementation to broilers wheat-based diets stimulated growth of ileal lactic acid bacteria, which was confirmed by higher lactic acid concentrations. Nian et al. (2011) suggested that inclusion of xylanase resulted in a decrease in numbers of ileal E. coli and Salmonella, whereas increased Lactobacillus population in the ileum. These observations indicated that xylanase supplementation inhibited the proliferation of potentially pathogenic microbial populations in the intestine and improved the gut health. In terms of the mode of action, there is evidence to suggest that xylanase can alter the intestinal microbial population in broilers by reducing undigested substrate for microflora (Classen, 1996) . However, the converse results were also reported, for instance, Gao et al. (2008) found that addition of xylanase in wheat-based diets had no significant effect on Bifidobacterium, Lactobacillus, and E. coli population in the ileum and cecum of 21-day-old broilers. Esmaeilipour et al. (2012) reported that dietary xylanase supplementation did not affect the numbers of Lactobacillus and E. coli in the ileum and cecum of broilers at 24 d of age. These inconsistency results may be due to the age of the birds (Yang et al., 2008) , broiler strain (Zoetendal et al., 2004) and digesta flow rate (Danicke et al., 1999) .
Digestive Enzyme Activities and Excreta Odor Contents
In this study, there were no significant differences in digestive enzyme activities of small intestine among dietary treatments. This is consistent with the results reported by Luo et al. (2009) , who indicated that xylanase supplementation to wheat-based broiler diets had no significant effect on amylase and protease activity of duodenum, jejunum, and ileum. In contrast, Engberg et al. (2004) reported that xylanase supplementation increased chymotrypsin and lipase activities of broilers when feeding whole wheat. Qian and Sun (2009) suggested that inclusion of 0.2% β-glucosidase significantly increased intestinal amylase activity. It is generally accepted that birds modulate specific digestive enzymes activities based on the intestinal substrate levels, rather than constantly maintaining high enzyme activities (Nitsan et al., 1991) . Therefore, it can be postulated that exogenous xylanase is able to influence digestive enzyme activities, because xylanase can break down plant cell wall and release the trapped nutrients, thus causing an increase of substrate level in the gut. According to Almirall et al. (1995) , NSP-degrading enzyme supplementation increased amylase and lipase activities in small intestine contents, along with a reduction in the intestinal viscosity in early-age broiler chicks. However, no influence was observed in adult birds in their study, suggesting that digestive enzyme activities may be less affected by the dietary manipulation in adult birds than in young birds. In this study, the digestive enzyme activities were determined on 35 d of age; therefore, the age of broilers may partly be the reason for the absence of an effect of xylanase on digestive enzyme activities. Further investigations are needed to verify this hypothesis.
The noxious gases such as ammonia, hydrogen sulfide, and total mercaptan are major aerial pollutant originating from livestock operations, and poultry is one of the principal contributors among farm animals (Lesschen et al., 2011) . The present study found that dietary supplementation of xylanase reduced the excreta NH 3 and R.SH concentrations. Unfortunately, no comparisons could be made with other studies because there is a scarcity of information about the effects of xylanase on excreta odor contents in broilers. However, it has been suggested that improving the nutrient utilization, altering the intestinal microbiota ecosystem, and reducing the pH of manure were the effective strategies to decrease the levels of pollutants from animal manure (Ferket et al., 2002) . Therefore, the reduction of excreta NH 3 and R.SH may be considered as an improved ileal nutrient digestibility, as well as an increased intestinal Lactobacillus population, thus allowing less substrate for harmful bacterial fermentation. For the broiler industry, this is of great interest because not only does xylanase supplementation leads to more consistent and uniform performance, but it also reduces environmental pollution.
CONCLUSION
In conclusion, this study demonstrated that dietary supplementation of an endo-1,4-β-xylanase product to broilers wheat-based diets decreased ileal digesta viscosity and improved growth performance and apparent ileal digestibility of nutrients. Additionally, the xylanase had a beneficial effect on intestinal morphology and microflora balance. Furthermore, xylanase supplementation reduced NH 3 and R.SH concentrations in the excreta, which may reduce the release of odor emissions from broiler houses.
